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(54) Illumination system and display device including such a system. 



(57) The invention relates to a display device (1) 
having a transmission display panel (3) and an 

illumination system (11) which comprises a 

radiation source (13) and a diffuser (17). To ~ 

achieve a high polarization conversion, a t > i — j 1 

cholesteric filter (19) is arranged between the / ! j ; 

radiation source (13) and the display panel (3), / I i i 

which filter transmits radiation having the des- [' _ I I ' \ 

ired state of polarization in a wavelength range i f j [ i 

which is at least equal to the full visible [ .I I i 

wavelength range. A reflector (15) is further \ { j i i ! 

arranged opposite a diffuser side remote from \ 13 ! | 1 

the filter, which reflector reflects radiation ref- \ ; j !_J _ 

lected by the filter (19) back to the filter, which 

radiation is depolarized in the diffuser (17). ,5 ! ? 19 23 
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The invention relates to an illumination system 
for supplying an dlumination beam having a selected 
state of polarization, which system successively com- 
prises a radiation source and a diffuser. The inven- 
tion also relates to a display device including such an 
illumination system. 

The display devices under consideration may be 
grouped in two types, viz. image projection devices 
and flat-panel display devices. An image projection 
device is a device in which an image generated by 
means of a display panel, for example a liquid crys- 
talline panel is imaged at a relatively large distance 
and in a magnified form on a projection screen by 
means of a project ion lens system. In a flat-panel dis- 
play device an image is also generated by a display 
panel. The dimension of this device in the direction 
transverse to the display panel is relatively small, 
much smaller than the dimension of an image projec- 
tion device. In a flat-panel display device a viewer di- 
rectly watches the display pane! so that this device 
may also be referred to as a direct-vision device. For 
such a device it is desirable that the illumination sys- 
tem for illuminating the display panel has a small di- 
mension in the direction transverse to the panel. 

The display device may be, for example a video 
display device or a monitor of a computer system, or 
the display device of an instrument panel. 

An illumination system of the type described in 
the opening paragraph, suitable for use in a flat-panel 
display device, is known from United States Patent 
US-A 4,737,896. 

The illumination system described in this Patent 
is arranged directly behind a transmission display 
panel and comprises a radiation source whose radia- 
tion is incident on a radiation-guiding member having 
a radiation-scattering exit plane which scatters the 
radiation towards a liquid crystalline display panel, 
hereinafter referred to as LCD panel. 

In a display device with a liquid LCD panel the lu- 
minous efficiency, i.e. the percentage of the radiation 
supplied by the radiation source and being visible to 
a viewer at the display side is relatively small due to 
the low transmission of the LCD panel. The reason is 
that the translucent pixels jointly cover only a part of 
the surface of the display panel. The other part of this 
surface is occupied by the drive elements for the pix- 
els. The LCD panel operates on the basis of a change 
by each individual pixel of the state of polarization of 
the light incident on the liquid crystalline material of 
the element. Therefore, the display panel should be 
irradiated with radiation having a given state of polar- 
ization, such as linearly polarized light having a given 
direction of polarization, or levorotatory or dextroro- 
tatory circularly polarized light The known display de- 
vices are therefore provided with polarization means 
which convert the unpolarized light from the source 
into light having the desired state of polarization. This 
conversion is accompanied by the loss of approxi- 



mately half the quantity of light. 

The polarization means used in the conventional 
direct-vision display devices absorb the light having 
the unwanted state of polarization. In order that a suf- 
5 ficient quantity of light is available to the viewer, a 
high-intensity radiation source should be used in this 
device. Such a radiation source has relatively large 
dimensions and uses much energy so that it is less 
suitable for a compact display device which can pre- 
10 ferably be used separately from a mains supply. 
Since the light incident on the polarization means has 
a high intensity, the polarization means are heated to 
a considerable extent. Since these polarizers are 
proximate to the LCD pane! in the devices under con- 
15 sideration, it may be necessary to incorporate a cool- 
ing system, which renders the display device more 
complicated and more expensive. 

It is an object of the invention to provide an effi- 
cient illumination system in which a maximum quan- 
20 tity of radiation from the source is converted into ra- 
diation having the desired direction of polarization. 

To this end the display device according to the in- 
vention is characterized in that the diffuser is a depo- 
larizing diffuser, in that a cholesteric filter which is ac- 
25 tive in at least substantially the full visible wavelength 
range is arranged at a diffuser side remote from the 
radiation source, and in that a reflector is arranged at 
a diffuser side remote from the filter. 

Depolarizing is herein understood to mean the at 
30 least partial conversion of radiation having a given 
state of polarization into unpolarized radiation, i.e. ra- 
diation comprising different polarization compo- 
nents. 

Cholesteric filters have an optical layer of a liquid 
35 crystalline polymer material having a cholesteric or- 
dering. This means that the molecules of the material 
in solution are spontaneously ordered to form a heli- 
cal structure having a pitch p. After such a solution 
has been provided as a thin, optically active layer be- 
40 tween two parallel substrates, the helical structure is 
directed in such a way that the axis of the helix will be 
transverse to the layer. The alignment of the helix can 
be improved by providing an orientation layer on the 
facing surfaces of the substrates. 
45 When an unpolarized radiation beam is incident 

on such a filter, a circularly polarized radiation com- 
ponent having a direction of rotation (levorotatory or 
dextrorotatory) corresponding to the direction of the 
molecular helix and having a wavelength correspond- 
so ing to the pitch p of the heiix will be reflected, while a 
circularly polarized component having the opposite 
direction of rotation and a wavelength not adapted to 
the filter will be transmitted. The reflection wave- 
length of the cholesteric filter is defined by 
55 Xo = 1/2(n 0 + n e )p 

in which n Q and n e are the respective ordinary and ex- 
traordinary refractive indices of the material of the fil- 
ter and p is the pitch of the molecular helix. 
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The light having the unwanted direction of polar- 
ization is thus no longer absorbed but reflected by the 
cholesteric filter. This light is subsequently transmit- 
ted to the cholesteric filter by the reflector and is de- 
polarized by the diffuser so that a part thereof has the 
desired direction of polarization again and is as yet 
transmitted to the display panel by the filter. The re- 
maining part is reflected by the filter and subsequent- 
ly on the reflector so that, due to the use of the dif- 
fuses a part of the light is incident on the cholesteric 
filter in the correct state of polarization and is trans- 
mitted to the LCD panel. Thus, for example 80% of the 
light of the wavelength band for which the cholesteric 
filter is active can be brought to the desired state of 
polarization. Moreover, since the cholesteric filter is 
active throughout the visible wavelength range, the 
component having the unwanted state of polarization 
is reflected towards the reflector by the filter for all ra- 
diation in this wavelength range and is again trans- 
mitted to the filter so that said 80% efficiency applies 
to the full visible wavelength range. The light trans- 
mitted by the cholesteric filter is suitable for illumin- 
ating both a monochrome and a color display panel. 

By combining a cholesteric filter and a depolariz- 
ing diffuser with a radiation source and a reflector, a 
unique illumination system is obtained which supplies 
white light having the desired state of polarization and 
whose luminous efficiency is largely determined by 
the radiation source. When an efficient lamp is used 
as a radiation source, a desired light power can be ob- 
tained at a relatively low consumption of electric pow- 
er. Although the illumination system is primarily in- 
tended for a direct-vision display device, it may also 
be used advantageously in an image projection de- 
vice and in optical devices in which light having a giv- 
en state of polarization must be used. 

It is to be noted that it is known per se to use a 
cholesteric filter as a polarizer. Cholesteric filters are 
known, for example from the article "Polarizing Color 
Filters made from Cholesteric LC Silicones" by R. 
Maurer et a/, in SID International Symposium 1990, 
Digest of Technical Papers, pp. 110-113. The choles- 
teric filters described in this article have an optically 
active layer comprising a polymer material with a 
cholesteric ordering on the basis of silicones. Said ar- 
ticle by Maurer does not propose to combine the chol- 
esteric filter with a depolarizing diffuser and a reflec- 
tor in order to enhance the polarization conversion ef- 
ficiency. 

It is further to be noted that it is known perse f rom 
the article "New Liquid Crystal Polarized Color Pro- 
jection Principle" in Japanese Journal of Applied 
Physics, vol. 29, no. 10, October 1990, pp. 1974-1984 
by M. Schadt and J. Funfschilling to combine a chol- 
esteric filter in an illumination system for LCD panels 
with a specular reflector which inverts the state of po- 
larization of a beam reflected by the filter, and sub- 
sequently transmits this beam to the filter again. In 



this way also the light having the state of polarization 
originally not suitable for the filter is transmitted to the 
LCD panel. A drawback of such a specular reflector 
is, however, that it concentrates the radiation reflect- 

5 ed by the cholesteric filter on the radiation source in 
the form of a lamp. Since this lamp has an absorbing 
effect on its own radiation, the lamp shape will remain 
visible in the ultimate image formed by the display de- 
vice, which is troublesome to the viewer. 

10 Moreover, if the selectivity of the cholesteric filter 

for levorotatory and dextrorotatory circularly pola- 
rized radiation is sufficiently high, it is possible to dis- 
pense with the polarizer which is arranged in front of 
the LCD panel and forms part of a conventional LCD 

15 panel and, together with an analyzer arranged behind 
the LCD panel, ensures a sufficient contrast of the 
formed image. 

In the current display devices LCD panels are 
preferably used which, dependent on the energiza- 

20 tion of a given pixel, convert linearly polarized radia- 
tion having a given direction of polarization into line- 
arly polarized radiation having a second direction of 
polarization perpendicular to the first direction of po- 
larization. An illumination system which is very suit- 
es able for such a display device is characterized in that 
a wideband X74 plate is arranged at a side of the chol- 
esteric filter remote from the diffuser. 

This plate converts the circularly polarized radi- 
ation exiting from the filter into linearly polarized ra- 

30 diation having a direction of polarization suitable for 
the LCD panel. A wideband XJ4 plate is a transparent 
element which is composed of, for example a plurality 
of layers and realises such a phase shift in a beam 
at all wavelengths (X) in the visible wavelength range 

35 that circularly polarized radiation is converted into lin- 
early polarized radiation. Such a MA plate is descri- 
bed in, for example the publication "Retardation Film 
for STN-LCD's *NRF*" by the firm of Nitto Denko in 
SID '92 Exhibit Guide, Society for Information Dis- 

40 play, May 17-22, 1992, Boston, Massachusetts, USA. 

Af irst embodiment of the illumination system ac- 
cording to the invention is characterized in that the 
cholesteric filter is composed of a plurality of layers 
of liquid crystalline material, each layer being active 

45 for a different wavelength band, which wavelength 
bands jointly cover at least the visible wavelength 
range. 

A preferred embodiment of the illumination sys- 
tem according to the invention is characterized in that 
so the cholesteric filter has a single layer of liquid crys- 
talline polymer material, within which layer the pitch 
of the molecular helix varies between two values 
which correspond to the lower limit and the upper lim- 
it, respectively, of the reflection band necessary to 
55 cover at least the full visible wavelength range. 

This embodiment is based on the newly gained 
insight that the pitch of the molecular helix of a liquid 
crystalline polymer material with a cholesteric order- 
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ing can be continuously varied and utilizes the fact 
that the Applicant has succeeded in realising a single- 
layer cholesteric filter with a sufficiently large varia- 
tion of the pitch within this layer, so that it is no longer 
necessary to stack a plurality of layers each formed 5 
by a liquid crystalline material having a different wa- 
velength reflection band. In the cholesteric filter with 
a continuously varying pitch according to the inven- 
tion the polymer layer is divided into imaginary sub- 
layers each having their own pitch and each conse- 10 
quently reflecting, in their own wavelength band, ra- 
diation in the state of polarization which is unwanted 
for the LCD panel. All sub-layers combined realise the 
desired reflection in the desired wavelength range so 
that a single layer is sufficient to cover the full visible 15 
wavelength range (between 400 and 780 nm). By 
continuous variation of the pitch within a single layer 
it is sufficient to use a layer thickness which is smaller 
than the total thickness required when stacking the 
pack of discrete layers so as to realise the desired re- 20 
flection in the same wavelength band. 

The advantage thereof is a better optical quality 
of the filter. In fact the quality of such filters decreas- 
es relatively fast with an increasing number of layers 
due to errors which are typical of cholesterics and due 25 
to loss of molecular ordering. Since a cholesteric layer 
with a reflection band of 50 nm has a polarizing effect, 
the layer should have a minimum thickness of 5 nm. 
To cover the complete visible wavelength range, a 
minimum number of seven to eight layers is thus re- 30 
quired if the increase of the required reflection band- 
width due to the viewing angle dependence is not tak- 
en into account. This yields a minimum layer thick- 
ness of 35 um. In a single-layer cholesteric filter, with- 
in which the pitch continuously varies across the layer 35 
thickness, a layer thickness of 20 nm is sufficient to 
act as a polarizer. Moreover, the viewing angle de- 
pendence of the filter increases with an increasing 
thickness. This means that the effectiveness of the 
filter decreases considerably with larger layer thick- 40 
nesses for radiation incident at an angle which is larg- 
er than a given angle of incidence. 

The relevant inventive idea may also be used if 
cholesteric materials are used which are not suitable 
for realising a sufficiently large variation of the pitch 45 
of the helix in one single layer. 

An embodiment of the illumination system ac- 
cording to the invention, in which this is the case, is 
characterized in that at least a plurality of layers of the 
cholesteric filter comprises a liquid crystalline poly- so 
mer in which the pitch of the molecular helix varies 
continuously, each layer being active in a different 
wavelength band. 

By varying the pitch in a plurality of layers or in 
each layer of the filter, the wavelength range of the 55 
relevant layer is increased. Consequently, the num- 
ber of layers required to cover the full visible wave- 
length range may be limited considerably so that the 



previously mentioned advantages of a smaller num- 
ber of filter layers also apply in this case. 

A further embodiment of the illumination system 
according to the invention is characterized in that the 
polymer material of the cholesteric filter forms a 
three-dimensional network and a self-supporting 
film which is suitable to be secured to other elements 
of the system. 

Optically active layers which form a three- 
dimensional network are very robust and may conse- 
quently be used as self-supporting layers. 

Substrates which are required during manufac- 
ture for alignment and polymerization of the optically 
active layer of the cholesteric filter can then be re- 
moved after these process steps have been per- 
formed, which contributes to the compactness of the 
illumination system. 

Since the effectiveness of a cholesteric filter is 
not only dependent on the wavelength of the incident 
radiation but also on the angle of incidence at which 
this radiation is incident on the filter, the diffuser 
present in the illumination system and ensuring a de- 
polarization of radiation having an unwanted state of 
polarization and notably ensuring in a direct-vision 
display device that the entire display panel is illumin- 
ated may have the drawback, as far as the cholesteric 
filter is concerned, that radiation is scattered towards 
the cholesteric filter also at large angles. When the 
angle of incidence is varied, the wavelength band for 
which the filter reflects polarizat ion-select ively is 
shifted. This means that the wavelength band for 
which the filter should be reflecting is equal to the 
sum of the actual wavelength band of the visible wa- 
velength range, for example between 400 nm and 780 
nm, and a fictitious wavelength band so as to be po- 
larization-selective also for radiation which is incident 
at an angle of incidence differing from 90°. The shift 
of the wavelength band as a function of a change of 
the angle of incidence is, for example 2 nm per degree 
so that for the extreme case of 180° for the range of 
angles of incidence the fictitious wavelength band is 
360 nm. The total reflection band would then have to 
be 380 nm + 360 nm = 740 nm. 

In accordance with a further aspect of the inven- 
tion the requirements imposed on the cholesteric fil- 
ter can be alleviated and the illumination system can 
be made better suitable for illuminating, for example 
an LCD panel if the illumination system is further 
characterized in that an optically transparent element 
is arranged between the diffuser and the cholesteric 
filter, one side of said element facing the filter having 
a periodical and radiation-refracting structure ex- 
tending in at least one direction for concentrating ra- 
diation from the diffuser at a given angle. 

Since the beam-concentrating element reduces 
the area of the angles of incidence at which the radi- 
ation is incident on the cholesteric filter, the required 
fictitious wavelength band and hence the required re- 
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flection band of the filter are reduced. Consequently, 
a single-layer filter will not require such a large vari- 
ation of the helix pitch and a multilayer filter will re- 
quire fewer layers. 

Dependent on the structure of the display device, 5 
the periodical structure may be a one-dimensional or 
a two-dimensional structure. 

In a display device with an LCD panel it is desir- 
able that the panel is irradiated as much as possible 
at a given angle so as to obtain a maximum contrast. 10 
By adapting the beam-concentrating element, the 
average angle at which the radiation leaves the ele- 
ment can be adapted, which contributes to the reali- 
sation of this wish. 

The periodical structure of the beam- 15 
concentrating element may be realised in different 
manners. 

A first possibility is used in an embodiment of the 
illumination system which is characterized in that the 
element is composed of a first plate of which a sur- 20 
face facing the filter has a first periodical structure 
which extends in a first direction in the plane of the 
plate, and a second plate of which a surface facing the 
filter has a second periodical structure which extends 
in a second direction in the plane of the plate and at 25 
an angle to the first direction. 

An alternative embodiment of the illumination 
system according to the invention is characterized in 
that the element is a single plate of which a surface 
facing the filter has a two-dimensional radiation-re- 30 
fracting structure. 

The elements of the periodical structure may be 
further implemented in various manners. For exam- 
ple, the illumination system according to the inven- 
tion may be characterized in that the radiation-re- 35 
fracting structure is constituted by first surface areas 
which alternate with second surface areas, the first 
areas enclosing a first angle and the second areas 
enclosing a second angle with the normal on the ele- 
ment. 40 

The elements of the periodical structure may be, 
for example small lenses or prisms which operate with 
total internal reflection and can be optimized by a 
suitable choice of the prism angles and/or the refrac- 
tive index of the prism material. 45 

It is to be noted that the use of a plate with prisms 
in an illumination system for concentrating the radia- 
tion at a given spatial angle is known perse, inter alia 
from the English-language Abstract of JP-A 2- 
257188. However, this publication does not disclose 50 
the combination with a cholesteric filter and the ad- 
vantages of the prism plate in such a combination. 

The invention also relates to an image projection 
device comprising an illumination system and a dis- 
play device having at least one transmission display 55 
panel for generating an image to be projected, and a 
projection lens system for projecting the generated 
image on a projection screen. Such a device accord- 



ing to the invention is characterized in thatthe illumin- 
ation system is a system as described hereinbefore. 

The invention further particularly relates to a flat- 
panel display device comprising an illumination sys- 
tem and a transmission display panel, which device 
according to the invention is characterized in thatthe 
illumination system is a system as described herein- 
before. 

The luminous efficiency of such a device provid- 
ed with a color display panel may be further en- 
hanced if this device is further characterized in that 
a pattern of dichroic mirrors registering with the pix- 
els of the display panel is arranged in front of and 
proximate to said pixels, each mirror transmitting ra- 
diation in a wavelength band associated with the cor- 
responding pixel and substantially completely reflect- 
ing radiation outside said wavelength band. 

United States Patent US A 5,029,986 describes 
a color display panel having a built-in matrix of dichro- 
ic mirrors, and also describes how the luminous effi- 
ciency can be enhanced by combining such a mirror 
matrix with a reflector. A very efficient color display 
device is obtained by combining such a panel with an 
illumination system of the type described above. 

These and other aspects of the invention will be 
apparent from and elucidated with reference to the 
embodiments described hereinafter. 

In the drawings 

Fig. 1 shows diagrammatically an embodiment of 
a f lat-panef display device according to the inven- 
tion, including a cholesteric filter. 
Fig. 2 shows the reflection spectra of a choleste- 
ric filter (a) in which the pitch p is constant across 
the layer thickness and (b) in which the pitch p va- 
ries continuously across the layer thickness. 
Figs. 3a and 3b show the scattering of a radiation 
beam without and with a prism foil, 
Fig. 4 shows diagrammatically an embodiment of 
a display device with a prism foil, 
Figs. 5a and 5b show the scattering mechanism 
of a prism foil. 

Figs. 6a, 6b, 6c and 6d show some embodiments 
of a prism foil for use in a display device accord- 
ing to the invention, 

Fig. 7 shows an embodiment of a flat-panel color 
display device including an illumination system 
according to the invention, and 
Fig. 8 shows an embodiment of an image projec- 
tion device including an illumination system ac- 
cording to the invention. 

The direct-vision display device 1 diagrammati- 
cally shown in Fig. 1 comprises a transmission dis- 
play panel 3 having an illumination side 5 and a dis- 
play side 7 directed towards a viewer 9. The display 
device 1 further comprises an illumination system 11 
according to the invention. The illumination system 
11 comprises a radiation source 13 and a reflector 15 
arranged behind it. Adiffuser 17 for scattering the ra- 
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diatiun from the radiation source 13 to the display 
panel 3 is arranged between the radiation source 13 
and the display panel 3 for a uniform illumination of 
the panel. 

The display panel may be, for example a liquid 5 
crystal display panel (LCD, Liquid Crystal Display) 
which is formed by two glass substrates between 
which an oriented liquid crystal layer is provided. 
Such panels, whose operation is based on changing 
or not changing the state of polarization of the light 10 
passing through, must be irradiated with light having 
a given state of polarization. Since the radiation emit- 
ted by the radiation source 1 3 is unpolarized, it should 
first be converted into a state of polarization which is 
suitable for the panel. 15 

The conversion of the state of polarization in the 
illumination system 11 according to the present inven- 
tion is realised very efficiently by means of a novel 
cholesteric filter 19 which is active in the full visible 
wavelength range. This filter is designed in such a 20 
way that its transmission polarization for this wave- 
length range corresponds to the polarization suitable 
for the display panel 3. The cholesteric filter 19 is ar- 
ranged between the diff user 1 7 and the display panel 
3. The unpolarized radiation from the radiation 25 
source 13 is incident on the cholesteric filter 19 via 
the diff user 17. 

The cholesteric filters used in known display de- 
vices are only active within a limited wavelength 
band, for example 50 nm, which band is much narrow- 30 
er than the visible wavelength range, for example 380 
nm. Radiation at a wavelength outside the reflection 
band of the known filter is transmitted in an unpola- 
rized form, which means that the filter is operative as 
a polarizer for a limited wavelength range only. For 35 
this reason, the known filters are very suitable for use 
as color filters, but the reflection bandwidth is not 
large enough for them to be used as polarization fil- 
ters in the above-mentioned applications in devices 
such as image projection devices and flat-panel dis- 40 
play devices. 

The width of the reflection band A?, is defined by 
AX = koAn/n in which An = n e -n Q is the birefringence, 
in which n e and n G are the extraordinary and ordinary 
refractive indices, respectively, and n = (rtg+nJ/2 is 45 
the average refractive index. Xq is the central wave- 
length of the selective reflection band at perpendicu- 
lar incidence of the radiation and is defined by Xq = Hp 

= + n °^ p i in which p is the pitch of the molecular 

2 50 



helix of the filter. In the visible wavelength range the 
width of the reflection band is mainly determined by 
the birefringence An of the cholesteric material, which 
birefringence can be varied to a small extent only. 
Generally, An will be smaller than 0.3 so that the 55 
bandwidth is smaller than 100 nm and generally ap- 
proximately 50 nm. 



To obtain a cholesteric filter which is suitable for 
a display device, that is, a choiesteric filter which is 
operative in the full visible wavelength range, a plur- 
ality of narrow-band cholesteric layers each having a 
different reflection band can be stacked. The compo- 
site filter then has a total reflection bandwidth which 
is equal to the sum of the reflection bandwidths of the 
separate layers and which may be sufficiently large 
to polarize the light in the full visibfe wavelength 
range. 

However, according to the present invention a 
cholesteric filter is used which, in principle, consists 
of one single layer and whose pitch p of the molecular 
helix across the layer thickness varies between a low- 
er limit and an upper limit so that the resultant reflec- 
tion bandwidth corresponds to the bandwidth which 
is required for the filter to be operative in the full visi- 
ble wavelength range. 

The advantage of this single-layer filter with re- 
spect to a stacked filter is that the optical quality of 
the first-mentioned filter is considerably better be- 
cause stacking of layers leads to a decreasing optical 
quality with an increasing number of layers due to the 
presence of errors in the cholesterics and due to the 
loss of planar molecular ordering. Moreover, the view- 
ing angle dependence increases with an increasing 
layer thickness, hence with an increasing number of 
layers. This means that the effectiveness of the filter 
decreases considerably with an increasing layer 
thickness for radiation incident at an angle of inci- 
dence which is larger than a given value. 

A reflection bandwidth of 780 nm - 400 nm = 380 
nm is required for the full visible wavelength range. 
The effectiveness of a cholesteric filter is also deter- 
mined by the angle of incidence at which the radiation 
to be polarized is incident. The reflection band of the 
filter shifts as a function of the angle of incidence, for 
example by 2 nm per degree. This means that, due to 
varying angles of incidence, the reflection band re- 
quired for the visible wavelength range is to be sup- 
plemented with a fictitious wavelength band. For the 
maximum range of angles of incidence, viz. 1 80°. the 
total reflection band should be 360 nm + 180 x 2 nm 
= 740 nm. Since the width of the reflection band aver- 
ages 50 nm for a known cholesteric layer in the visible 
wavelength range, a conventional, stacked filter 
should have approximately 15 layers. 

A cholesteric filter consisting of one single layer 
in which the pitch p varies continuously across the 
layer thickness can be made as follows. Firstly, a mix- 
ture of reactive monomers is made. This mixture 
comprises different percentages by weight of a chiral 
component and a nematogeneous component, which 
components have a different number of reactive 
groups, for example two and one, respectively, so 
that the two monomers will have a different reactivi- 
ty. A stabilizer and a quantity of dye are subsequently 
added to this mixture. The mixture thus made is then 
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provided between two transparent substrates, each 
of which may have, for example, a layer of polyimide. 
These layers are used for aligning the molecular helix 
which is produced spontaneously in the cholesteric 
mixture. To prevent the formation of disclinations, the 5 
two substrates are sheared over a small distance un- 
til a planar ordering is created. Subsequently the re- 
active mixture is photopolymenzed at ambient tem- 
perature by means of UV radiation so that a three- 
dimensional network is formed. Due to the strength 10 
of the optically active layer thus formed it is possible 
to detach the optical layer from the substrates and 
use this layer as a self-supporting cholesteric filter. 
The desired reflection bandwidth, for example a re- 
flection bandwidth corresponding to the full visible 15 
wavelength range, can be achieved by varying the 
quantity of dye, the wavelength and the power of the 
UV light. 

Curve a in Fig. 2 represents the reflection spec- 
trum of a cholesteric filter in which the pitch p is con- 20 
stant across the layer thickness. This filter was ob- 
tained without addition of a dye. The reflection band- 
width of the filter is only approximately 45 nm. 

Curve b in Fig. 2 represents the reflection spec- 
trum of a cholesteric filter in which a dye was present 25 
during polymerization. The reflection bandwidth of 
the filter is approximately 230 nm. 

For further details relating to the manufacture of 
a single-layer cholesteric filter with a pitch p continu- 
ously varying across the layer thickness, reference is 30 
made to the Application (PHN 14.345) which was si- 
multaneously filed by the Applicant and whose con- 
tents are herein incorporated by reference. 

An embodiment in which the optical quality of the 
filter is considerably better and the viewing angle de- 35 
pendence is less pronounced than in a cholesteric fil- 
ter composed of a plurality of narrow-band choleste- 
ric layers is a cholesteric filter which is made from a 
plurality of layers, at least a number of which have a 
pitch p of the molecular helix which varies continuous- 40 
ly across the layer thickness. 

The layers within which the pitch p varies across 
the layer thickness may be manufactured in an equiv- 
alent manner as described above for a single-layer fil- 
ter. 45 

If, as proposed by the invention, the bandwidth of 
a cholesteric layer is increased to, for example 150 
nm, the number of required layers for the visible wa- 
velength range can be reduced from 15 to 5. 

Due to the above-described properties of a chol- so 
esteric filter, the radiation which is circularly polarized 
in the direction corresponding to the direction of the 
molecular helix is reflected in the direction of the ra- 
diation source 13, whereas the oppositely circularly 
polarized radiation is transmitted by the filter 19. The 55 
reflected radiation subsequently reaches the diff user 
17 again, at which the radiation is depolarized. The 
depolarized radiation is then incident on the reflector 
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15 on which reflection takes place in the direction of 
the filter 19. A part of the unpolarized radiation which 
has reached the filter again will have a circular state 
of polarization which is suitable for transmission. The 
remaining part again traverses the radiation path de- 
scribed, while each time a part of the radiation is 
transmitted. Apart from reflection losses, substan- 
tially all unpolarized radiation is converted in this way 
into circularly polarized radiation suitable for the dis- 
play panel. 

The light from the radiation source 13 is scat- 
tered by the diff user 17 over an angular area of sub- 
stantially 180°, as is shown in Fig. 3a. Since the ef- 
fectiveness of a cholesteric filter is not only deter- 
mined by the wavelength of the incident radiation but 
also by the angle of incidence of this radiation, such 
a diff user also scatters radiation towards the filter at 
large angles of incidence. As a result, the reflection 
band of the filter required for covering a given wave- 
length range will have to be increased by a fictitious 
wavelength band so as to be effective for large angles 
of incidence as well. The shift of the reflection band 
as a function of the angle of incidence is, for example 
2 nm per degree. Consequently, for an angular area 
of 180°, the reflection band is to be increased by 180 
x 2 nm = 360 nm. 

By providing a beam-concentrating element 21 
between the diff user 1 7 and the cholesteric filter 1 9, 
as is shown in Fig. 4, the area of the angles of inci- 
dence can be considerably reduced, which results in 
a reduction of the total required reflection band of the 
cholesteric filter. 

This is illustrated with reference to a numerical 
example. By using, for example a diffuser in the form 
of a prism foil for which the area of the angles of inci- 
dence is reduced to 90°, the number of conventional 
layers with a reflection bandwidth of 50 nm required 
to cover the full visible wavelength range is given by 
[780 nm - 400 nm + (2 x 90)]/50 = 1 - 1 1 layers instead 
of an 15 layers without a prism foil. 

For a filter with cholesteric layers in which the 
pitch varies continuously and consequently has a re- 
flection band of 1 50 nm, it is sufficient to use [780 nm 
- 400 nm + (2 x 90)]/150 - 4 layers instead of 5 
layers. For a filter with a varying pitch the values of 
the lower limit and the upper limit of the pitch p will 
be closer together. 

The beam-concentrating element 21 is made of 
an optically transparent material and may be provid- 
ed, for example directly on the diffuser 17, as is 
shown in Fig. 4. The surface of the element 21 facing 
the filter 19 has a periodical and radiation-refracting 
structure, for example a prism structure. 

Fig. 3b shows the effect of an element 21 having 
such a structure, for example a one-dimensional 
prism structure, hereinafter referred to as prism foil, 
on the radiation from the diffuser 17. A comparison 
of this Figure with Fig. 3a shows that the radiation is 
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concentrated to a beam within an angie p which is 
smaller than the angle a. Consequently, the bright- 
ness of the diffuser increases in the forward direc- 
tion. This angular area p can be varied by varying the 
angles of inclination of the prism edges. 5 

Figs. 5a and 5b illustrate the operation of a prism 
foil with reference to an embodiment having a struc- 
ture extending in one direction. A radiation beam 23 
which is perpendicularly incident on the interface 25 
between the diffuser 17 and the prism foil 21 under- 10 
goes total internal reflection at the edges 33 and 34 
of the prism foil 21 because the angle of incidence is 
larger than the critical angle. On the other hand, ra- 
diation beams 27, 29 which are incident on the edges 
33 and 34 at an angle which is smaller than the critical 15 
angle can leave the prism foil 21 through the edges 
33 and 34. Thus, the prism foil 21 ensures that the ra- 
diation can only exit at an angle in the range between 
90°-9 1 and 90 o -6 2 , i.e. the angles enclosed by the 
prism edges with the normal on the foil. By adapting 20 
the angles 8 t and 9 2 , i.e. the angles enclosed by the 
edges 33, 34 of the foil structure with the face of the 
diffuser 17, it is possible to fix the direction of the ra- 
diation beam. The radiation beam 31 reflected by the 
prism foil 21 returns via the diffuser 17 to the reflector 25 
15 behind the radiation source 13 and, after reflec- 
tion, is again supplied to the system. 

Figs. 6a, 6b, 6c and 6d show a number of differ- 
ent embodiments of prism foils. Fig. 6a shows a prism 
foil comprising a single plate whose surface facing 30 
the filter has a symmetrical triangular structure, in 
which = 0 2 . Fig. 6b shows a prism foil also compris- 
ing a single plate having a sawtooth-shaped structure 
on the surface facing the filter, in which 0, * 9 2 . In this 
manner the radiation is not only concentrated to a 35 
beam at a given angle, but the axis of the beam exiting 
from the prism foil can be adjusted by varying and 
9 2 . Fig. 6c shows a prism foil operating two-dtmen- 
stonally. Here, the radiation is concentrated to a 
beam in two dimensions. This prism foil comprises 40 
two plates 20, 22 each provided with a beam- 
concentrating element. The first plate 20 on the sur- 
face facing the filter has a first periodical structure 
which extends in a first direction, for example a reg- 
ular triangular structure as is shown in Fig. 6a, the 45 
second plate 22 on the surface facing the filter has a 
second periodical structure, for example also a struc- 
ture as shown in Fig. 6a. The two structures are ori- 
ented at a given angle with respect to each other, for 
example at right angles. A combination of two struc- 50 
tures as shown in Fig. 6b or a combination of a struc- 
ture as shown in Fig. 6a and a structure as shown in 
Fig. 6b is possible, dependent on the envisaged con- 
centration of radiation. A two-dimensionally operat- 
ing beam-concentrating element may alternatively 55 
comprise a plate with a matrix of lenses or pyramid- 
shaped prisms. An embodiment of such a prism foil 
with a matrix of prisms on the prism foil surface facing 
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the filter is shown in Fig. 6d. 

The Moire effects which may occur in a single or 
composite prism foil in combination with an LCD pan- 
el may be reduced by adapting the period of the struc- 
ture of the foil to the period of the pixels in the display 
panel. 

A X74 plate 23 may optionally be arranged behind 
the cholesteric filter 19 in the device of Fig. 1 as well 
as that of Fig. 3 so that circularly polarized radiation 
is converted into linearly polarized radiation. Most 
currently used liquid crystalline display panels oper- 
ate with linearly polarized radiation. Since the use of 
a XI4 plate is dependent on the nature of the display 
panel 3, the plate 23 is shown in a broken line in the 
two Figures. Since the circular- to- 1 in ear conversion is 
to be realised in the visible wavelength range, a wi- 
deband )J4 plate as described, for example in US-A 
5,029,986 is used. 

If the cholesteric filter is a single-layer filter with 
an optically active layer forming a three-dimensional 
network and, due to its special robustness, consti- 
tutes a self-supporting film, this filter can be secured 
to other elements such as to the diffuser 1 7 or to the 
possible XJ4 plate 23. A very compact illumination 
system is obtained in this way. 

The way in which very efficient use of the avail- 
able radiation of the source can be made in an illumin- 
ation system has been described hereinbefore, both 
as regards the direction of polarization and the direc- 
tion of propagation of the radiation, as well as the ad- 
vantages of such a system in a display device. If this 
device is a direct-vision color display device, the ra- 
diation efficiency can be further enhanced by a novel 
combination of the invention described above with 
the invention described in United States Patent US- 
A 5,029.986. The luminous efficiency can then also 
be increased as far as the color is concerned. 

Fig. 7 shows diagrammatically a display device in 
which the novel combination is used. The illumination 
system 11 again comprises a radiation source 13, a 
diffuser 17, a chofesteric polarization filter 19 and, 
optionally, a beam-concentrating element 21 . The ra- 
diation source is, for example a meander-shaped 
lamp which is arranged in a holder having reflecting 
inner walls 15. The color display panel 40 comprises 
a large number of pixels divided into three groups de- 
noted by the reference numerals 41, 42 and 43 each 
generating a picture of a given color, viz. red, green 
and blue, respectively. A matrix 50 of color filters reg- 
istering with the pixels is arranged in front of the pane! 
40, which color filters are also divided into three 
groups denoted by the reference numerals 51 , 52 and 
53. These color filters which only transmit light of the 
suitable color to the associated pixels 41, 42, 43 are 
dichroic mirrors in this embodiment. Such a mirror re- 
flects the color components not associated with the 
pixel of the incident sub-beam towards the radiation 
source. The reflecting inner walls of the holder send 
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the sub-beam back into the system again. When this 
sub-beam has arrived at the matrix 50, it impinges 
upon a mirror other than that by which it was initially 
reflected because, on its path, the direction of this 
sub-beam has changed. A second colorcomponentof 5 
this sub-beam is then as yet transmitted to an asso- 
ciated pixel. The remaining color component of the 
sub-beam again traverses the path to and from the 
radiation source holder and can then be passed by a 
further color filter to an associated pixel. Since all w 
sub-beams traverse the system several times in the 
manner described above, it is achieved that the great- 
er part of the source radiation is incident on the pixels 
in the correct color so that a high efficiency is also 
achieved as far as the color is concerned. 15 

Fig. 7 shows the }J4 plate 23 in a broken line 
again because its provision depends on whether the 
LCD panel operates with linearly polarized or with cir- 
cularly pofarized radiation. 

If the selectivity of the cholesteric filter 1 9 for lev- 20 
orotatory and dextrorotatory circularly polarized radi- 
ation is large enough, it is possible to dispense with 
a conventional polarizer 54 which is arranged in front 
of the LCD panel 3 and forms part of a conventional 
LCD panel and which, together with the analyzer 53 25 
behind the LCD panel 3 ensures a sufficient contrast 
of the picture formed. 

Fig. 8 shows an embodiment of an image projec- 
tion device. In this Figure the block A represents an 
illumination system according to the invention, which 30 
emits a light beam b whose principal axis coincides 
with the optical axis OO' of the image projection de- 
vice. This beam is incident on a display system B 
which has one display panel 3 if a monochromatic im- 
age is to be projected. This panel is, for example a liq- 35 
uid crystal panel having a layer of liquid crystalline 
material 60, for example of the nematic type, en- 
closed between two transparent, for example glass, 
plates 61 and 63. Drive electrodes 65 and 67, respec- 
tively, are provided on each plate. These electrodes 40 
may be divided into a large number of rows and col- 
umns so that a large number of pixels in the display 
panel is defined. The different pixels are then driven 
by driving the matrix electrodes as is shown diagram- 
matically by means of the drive terminals 69 and 68. 45 
An electric field can thus be applied across the liquid 
crystalline material 60 at the desired positions. Such 
an electric field causes a change of the effective re- 
fractive index of the material 60 so that the light pass- 
ing through a given pixel undergoes or does not un- so 
dergo a change of the state of polarization, dependent 
on the absence or presence of a local electric field at 
the location of the relevant pixel. 

Instead of using this passive-drive display panel, 
it is alternatively possible to use an active-drive pan- 55 
el. In the latter panel one of the supporting plates has 
an electrode, while the other plate is provided with the 
semiconductor drive electronics. Each pixel is now 



driven by its own active drive element such as, for ex- 
ample a thin-film transistor. Both types of direct-drive 
display panels are described in, for example Europe- 
an Patent Application EP 0 266 184. 

The beam incident on the display panel 3 should 
be polarized, preferably linearly polarized. To this end 
the illumination system is provided with a polarizer in 
the form of a single-layer or multilayer cholesteric fil- 
ter and with a diffuser as described hereinbefore. An 
analyzer 53 is further arranged in the path of the light 
transmitted by the display panel, which analyzer 
passes, for example the light from those pixels which 
are energized and do not change the state of polari- 
zation of the beam towards a projection lens system 
C. The light from the non-energized pixels which 
change the state of polarization of the beam is ob- 
structed by the analyzer 53. The analyzer thus con- 
verts the polarization modulation of the beam into an 
intensity modulation. The projection lens system C 
projects the image formed on the panel 3 on a pro- 
jection screen D. This projected image can be ob- 
served by a viewer 9 in the space behind the projec- 
tion screen. 

As already noted, the display panel is preferably 
irradiated with linearly polarized light, while the panel 
elements rotate or do not rotate the direction of polar- 
ization through 90°. In principle, it is also possible to 
operate an image projection device having liquid 
crystal display panels with circularly or elliptically po- 
larized light instead of with linearly polarized light. 
The display panel can then change the direction of ro- 
tation of the circularly polarized fight or the ratio of the 
elliptical axes of the elliptically polarized light. Said 
changes can be converted into an intensity modula- 
tion by using extra polarization means. 

If the image projection device is a color image 
projection device, the display system B comprises 
three display panels, one for each of the primary col- 
ors red, green and blue, as well as a number of dichro- 
ic mirrors which split the beam b into a red, a green 
and a blue beam each being incident on an associat- 
ed panel. A further set of dichroic mirrors combines 
the beams passing through these panels to one beam 
which traverses the projection lens system. 

It is alternatively possible to use one color display 
panel in a color image projection device. A matrix of 
dichroic mirrors arranged in front of the pixels as de- 
scribed with reference to Fig. 7 is then preferably used 
again, so that the advantages described with refer- 
ence to this Figure can also be achieved in a color im- 
age projection device. 

Although the invention has been described with 
reference to a display device comprising a liquid crys- 
talline display panel which may be of the twisted ne- 
matic type or of the supertwisted type, it is not limited 
thereto. The panel may alternatively be an SCD (Solid 
Ceramic Display) panel in which the polycrystalline 
material P2LT (Lanthanum doped Lead Zirconate Ti- 
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tandte) is used, or a pane! in which the super-birefrin- 
gent effect is used. 

Claims 

1. An illumination system for supplying an illumina- 
tion beam having a selected state of polarization, 
whrch system successively comprises a radiation 
source and a diffuser, characterized in that the 
diffuser is a depolarizing diffuser, in that a chol- 
esteric filter which is active in at least substantial- 
ly the full visible wavelength range is arranged at 
a diffuser side remote from the radiation source, 
and in that a reflector is arranged at a diffuser 
side remote from the filter. 

2. An illumination system as claimed in Claim 1, 
characterized in that a wideband )J4 plate is ar- 
ranged at a side of the cholesteric filter remote 
from the diffuser. 

3. An illumination system as claimed in Claim 1 or 
2, characterized in that the cholesteric filter is 
composed of a plurality of layers of liquid crystal- 
line material, each layer being active for a differ- 
ent wavelength band, which wavelength bands 
jointly cover at least the visible wavelength 
range. 

4. An illumination system as claimed in Claim 1 or 

2, characterized in that the cholesteric filter has 
a single layer of liquid crystalline polymer mate- 
rial, within which layer the pitch of the molecular 
helix varies continuously between two values 
which correspond to the lower limit and the upper 
limit, respectively, of the reflection band required 
to cover at least the full visible wavelength range. 

5. An illumination system as claimed in Claim 3, 
characterized in that at least a plurality of layers 
of the cholesteric filter comprises a liquid crystal- 
line polymer in which the pitch of the molecular 
helix varies, each layer being active in a different 
wavelength band. 

6. An illumination system as claimed in Claim 4, 
characterized in that the polymer material of the 
cholesteric filter forms a three-dimensional net- 
work and a self-supporting film which is suitable 
to be secured to other elements of the system. 

7. An illumination system as claimed in Claim 1, 2, 

3, 4 or 5. characterized in that an optically trans- 
parent element is arranged between the diffuser 
and the cholesteric filter, one side of said element 
facing the filter having a periodical and radiation- 
refracting structure extending in least one direc- 



tion for concentrating radiation from the diffuser 
at a given angle. 

8. An illumination system as claimed in Claim 7, 
5 characterized in that the element is composed of 

a first plate of which a surface facing the filter has 
a first periodical structure which extends in a first 
direction in the plane of the plate, and a second 
plate of which a surface facing the filter has a 
10 second periodical structure which extends in a 

second direction in the plane of the plate and at 
an angle to the first direction. 

9. An illumination system as claimed in Claim 7, 
T5 characterized in that the element is a single plate 

of which a surface facing the filter has a two-di- 
mensional radiation-refracting structure. 

10. An illumination system as claimed in Claim 7, 8 
20 or 9, characterized in that the radiation-refracting 

structure is constituted by first surface areas 
which alternate with second surface areas, the 
first areas enclosing a first angle and the second 
areas enclosing a second angle with the normal 
25 on the element. 

11. An image projection device comprising an illu- 
mination system and a display device having at 
least one transmission display panel for generat- 

30 ing an image to be projected, and a projection 

lens system for projecting the generated image 
on a projection screen, characterized in that the 
illumination system is a system as claimed in any 
one of Claims 1, 2, 3, 4, 5 or 10. 

35 

12. Aflat-panel display device comprising an illumin- 
ation system and a transmission display panel, 
characterized in that the illumination system is a 
system as claimed in any one of Claims 1 to 10. 

40 

13. A flat-panel display device as claimed in Claim 
1 2, characterized in that a pattern of dichroic mir- 
rors registering with the pixels of the display pan- 
el is arranged in front of and proximate to said 

45 pixels, each mirror transmitting radiation in a wa- 

velength band associated with the corresponding 
pixel and substantially completely reflecting radi- 
ation outside said wavelength band. 
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